In this paper we demonstrate how different degradation mechanisms of RF MEMS capacitive switches can be identified by carefully examining changes in key aspects of the measured C-V curves. We show that C-V curve narrowing can occur either due to mechanical deformation or to laterally inhomogeneous dielectric charging. We also show how these two degradation mechanisms can be distinguished by monitoring the change in the pull-in and pull-out voltages. Our measurements indicate that both degradation mechanisms do indeed occur in practice, depending on the stress conditions.
INTRODUCTION
RF MEMS (Radio Frequency Micro-Electro-Mechanical Systems) capacitive switches have great potential for use in wireless applications because they exhibit good RF characteristics (such as high linearity and low losses) and low power consumption [1] . However, a major challenge for the successful implementation of the switches in commercial products is obtaining a high reliability.
Many papers on the degradation of RF MEMS capacitive switches focussed on dielectric charging [1] - [9] . The main effect of dielectric charging is that it results in a built-in voltage that shifts the entire C-V curve [8] - [11] . An additional, but a less documented observation is that the positive and negative pull-in voltage move closer to each other [12] , [13] . An explanation for this narrowing of the C-V curve was proposed by Rottenberg et al. [14] based on the assumption that the charge is injected inhomogeneously. However, this is not the only explanation for the narrowing effect: we note here that a reduction of the gap due to mechanical degradation of the springs will also reduce the pull-in voltage.
To distinguish which of these two degradation mechanisms causes the narrowing effects when a switch is stressed, we will first show that, given a certain amount of change in the pullin voltage, the amount of change in the pull-out voltage will depend on the degradation mechanism. After this we present measurements which show that both mechanical deformation and inhomogeneous dielectric charging can occur, depending on the type of stress that is applied.
C-V CURVE NARROWING THEORY
In Fig. 1 
where 0 is the dielectric constat, d the thickness of the dielectric, r the relative dielectric permittivity, and g the gap between the top of the dielectric and the bottom of the top electrode. For the spring force we have
where g 0 is the gap when no electrostatic force is applied. When a voltage is applied across the two electrodes, the electrode will be pulled downward until F E is in equilibrium with F spring . Above a certain voltage, called the pull-in voltage V pi , the balance between F E and F spring becomes unstable and the switch closes, which is marked by a sudden increase in the capacitance. The solution for this is:
where V + pi is the positive pull-in voltage and V − pi the negative pull-in voltage. Since the distance between the two electrodes is relatively small in the closed state, the electrostatic force is larger than the restoring force in the closed state (equilibrium is maintained by contact forces), so that when the voltage is decreased again, the switch will not open at V = V pi but at a lower voltage, the pull-out voltage V po :
An example of the capacitance as function of voltage, with V ± pi and V ± po is shown in Fig. 2 .
Fig. 2. C-V curve example of the used MEMS switches with pull-in and pull-out voltages.
E charge E applied E result MEMS reliability studies have shown [1] - [9] that due to the high electric fields charge can be injected in the dielectric. The trapped charges change the electric field ( Fig. 3 ) and lead to a built-in voltage V shift which shifts the C-V curve [8] - [11] . This V shift is proportional to the amount of charge, and to the distance between the trapped charge and the bottom electrode. However, this does not explain the narrowing observed in [6] and [12] . Three causes can account for this narrowing effect:
1 A laterally inhomogeneous distribution of the trapped charge [14] . 2 A reduced open state gap g 0 due to mechanical deformation. 3 A reduction of the spring constant k.
Of these three causes, the third one is not very likely, as the spring constant is only a function of the shape of the springs and its material properties, which both do not change significantly during stress tests. The first two causes are discussed in more detail below.
A. Laterally inhomogeneous dielectric charging
When charge is injected inhomogeneously, the expression for the electrostatic force changes from Eq. 1 to [14] :
where In the inhomogeneously charged situation pull-in will occur when the value of the nominator is equal to the value it has for the uncharged situation at pull-in:
where V ± pi,(t=0) is the pull-in voltage of the unstressed device. A similar argument can also be made for the pull-out voltage, where we find that
Here V ± po,(t=0) is the pull-out voltage of the unstressed device. Since by definition V po is smaller than V pi , inhomogeneous charging will cause a larger change in V po than in V pi . Also, Eq. 7 shows that when σ V shift is equal to V po,(t=0) , the switch will not open anymore.
B. Mechanical degradation of the springs
When the open state gap is reduced by mechanical degradation of the springs, but no inhomogeneous charge is injected, the change in V pi can be found from the 1-D solutions for pull-in:
where g 0,(t=0) is g 0 of the undeformed device. The change in V po can be found from the 1-D solution for pull-out:
From these two equations we can see that a change in g 0 will have a greater effect on V pi then on V po .
Fig. 4.
V po (normalized to V pi at t=0) as function of normalized V pi when a switch degrades. When V po becomes zero, a device will fail.
When V po (normalized to V pi,(t=0) ) is plotted as function of the normalized V pi for increasing inhomogeneous charge σ V shift and decreasing gap g 0 , the lines as shown in Fig. 4 are obtained, which clearly indicate the different relation between V pi and V po for the two degradation mechanisms. Devices will fail when V po becomes zero. We see that pristine devices with a low pull-out voltage (thin dielectric) can withstand a lot of mechanical degradation but only little inhomogeneous charging, whereas devices starting with a relatively high pullout voltage can withstand more inhomogeneous charging, but less mechanical degradation.
C. Combined effect
If C-V curve narrowing is due to a combination of mechanical degradation and inhomogeneous charging, Eq. 6, 7, 8, and 9 can be combined to the more general equations
and
Although V shift can easily be eliminated by measuring both the positive and negative pull-in and pull-out voltages, solving for σ V shift and g 0 yields rather complicated solutions and is best handled by symbolic maths computer programs such as Mathematica or Maple.
MEASUREMENTS
To establish which mechanism is the most important for C-V curve narrowing of our switches, we measured the C-V curve as function of the applied stress. The C-V curves were obtained by measuring the reflection coefficient of a 890 MHz RF signal while applying a triangle wave bias voltage. This system is described in [13] and ensures that C-V curves are measured quickly enough (1 C-V curve in 400 ms) to not have significant charging effects during the measurement of the C-V 
curve. From these C-V curves V ± pi and V ± po were extracted. We used three different stress patterns: a DC bias voltage, a 1Hz symmetric square wave (both actuated in a way that minimizes the impact velocity), and 200 Hz fast pulses (actuated with a high impact velocity). The difference in impact velocity was realized by changing the RC-time of the bias-T that was used to add the bias voltage to the RF signal used for measuring the capacitance. When the RC-time is much longer than the switching time, the switch closes while the voltage across the switch is equal to the pull-in voltage, whereas when the RCtime is much shorter than the switching time, the switch closes while the voltage across the switch is equal to the bias voltage, which can be significantly higher than the pull-in voltage, thus causing a higher impact velocity.
In Fig. 5a the normalized V pi is plotted as function of stress time. We see that devices actuated with the fast pulses degrade much more rapidly than devices stressed with DC and square wave actuation. The reason for this large difference becomes clear in Fig. 5b , where V po is plotted as function of V pi , both normalized to V pi,(t=0) . Here we see that in the DC bias voltage case the points lie close to the inhomogeneous charging line, indicating that the narrowing is primarily caused by inhomogeneous charging. In the case of the fast pulses, results are much closer to the mechanical degradation line, indicating that narrowing is caused by mechanical degradation of the springs. The deviations from the theoretical lines could be caused by combined effects of inhomogeneous charging and mechanical degradation (section 2-C). It might also be caused by the way the switch is modelled: since we regard the top electrode as a rigid plate, higher order effects on V pi and V po such as roll-of are not taken into account. The square wave actuation results are close to the inhomogeneous charging line, but not as close as the DC bias voltage results, which suggests that their C-V curve narrowing is due to the combined effect of mechanical degradation and inhomogeneous charging.
The differences in degradation mechanisms can also be observed if stressed devices are allowed to relax (Fig 6) : the narrowing due to the DC bias voltage is almost completely reversible, which indicates that the narrowing was not caused by plastic deformation of the springs, since that would be permanent. The damage due to the fast actuation pulses is permanent, strongly suggesting plastic deformation has occurred. Devices stressed with the square wave actuation are between the other two, and show only partial recovery.
From the measurements we can conclude that when the impact velocity increases, the main failure mode shifts from inhomogeneous charging to mechanical degradation. Lifetime is then no longer limited by the amount of time the switch is in the closed position, but by the amount of stress cycles.
CONCLUSIONS
To conclude, we provided a framework with which the relation between degradation mechanism, stress conditions, and actuation scheme can be identified. We used it to demonstrate for the first time that, depending on the stress conditions, degradation of RF MEMS capacitive switches does not only occur due to (inhomogeneous) dielectric charging, but can also be attributed to plastic deformations of the springs. Lifetime is then no longer limited by the amount of time the switch is in the closed position, but by the amount of stress cycles.
